Urbanisation in South Africa has resulted in the degradation of aquatic ecosystems across a rural-to-urban gradient; impacting the availability of clean water. Biological organisms, including fish assemblages, have been used as indicators of environmental change, as part of monitoring programmes designed to protect and improve aquatic ecosystem conditions. However, the effectiveness of individual freshwater fish species as bio-indicators for urban impacts has not yet been evaluated. This study investigated the occurrence of freshwater fish species across three urban gradients within the upper Crocodile River sub-management area as potential bio-indicators. Having collected presence and absence data, five native fish species were determined to be widespread. Their effectiveness as bio-indicators for six environmental drivers, identified through principle component analysis, was assessed using species stressor-response curves derived from logistic regression analysis. Of the five species, the largescale yellowfish (Labeobarbus marequensis) and stargazer catfish (Amphilius uranoscopus) showed potential to be effective bio-indicators for urban impacts on aquatic water quality and instream habitat. These taxa, as effective urban bio-indicators, have the potential to improve the efficiency of urban river health assessments through reducing data gathering and staff training requirements.
INTRODUCTION
South Africa's aquatic ecosystems provide numerous essential ecosystem services, including the provision of water to rural communities, and ensuring water and food security, thus supporting socio-economic development (Karr and Chu, 2000; Ollis et al., 2006) . Through the years, various anthropogenic factors, such as urbanisation (Wepener et al., 2015) , have degraded aquatic ecosystems to a point where their ability to provide crucial ecosystem services has become compromised (Deksissa et al., 2003) . Urban impacts on freshwater ecosystems include alteration of instream habitats through canalisation, sedimentation and the loss of riparian vegetation (Paul and Meyer, 2001) and physico-chemical change through polluted runoff and the inflow of sewage from wastewater treatment works (Nyenje et al., 2010) . These physical and chemical alterations can have severe impacts on aquatic biodiversity, ecological function, and the usability of the water as a resource to human communities downstream (Paul and Meyer, 2001; Jackson et al., 2016) .
To ensure water management areas remain fit to supply water for present and future domestic, agricultural and recreational needs (du Plessis et al., 2014) , it is vital to manage and protect aquatic ecosystems surrounding populated areas (Roux, 1999) . Monitoring aquatic ecosystems is one of the tools used in their protection, as it allows for environmental degradation to be detected and measured. Ecological monitoring relies on a combination of abiotic and biotic environmental factors to assess the relationship between urbanisation and its impact on aquatic ecosystems (Roux, 1999) . Biomonitoring makes use of organisms known as bio-indicators that live within, and respond accordingly to, environments experiencing external and internal stresses (Li et al., 2010) . In South Africa, many bio-indicators, including macrophytes, macroinvertebrates, diatoms, bacteria and fish communities have been used to assess the integrity of aquatic ecosystems (Wepener, 2008; Fourie et al., 2014) . Fish, being relatively long-lived and occurring at various trophic levels (Armon and Hänninen, 2015) , are frequently used as bio-indicators, as they can respond to a multitude of physical, chemical and biological processes within the aquatic environment, across wide temporal scales (Kleynhans, 1999) .
In South Africa, the Fish Response Assessment Index (FRAI) uses the freshwater fish assemblage found in rivers as a measure to assess the ecological state of the country's aquatic ecosystems Avenant, 2010) . The index was developed for the then Department of Water Affairs and evolved from a previous index known as the Fish Assemblage Integrity Index (Kleynhans, 1999) . The FRAI is based upon expert opinion regarding the environmental preferences and intolerances of reference fish assemblages across South Africa, to certain sets of environmental drivers . The index aims to measure how fish assemblages respond, through their occurrence, to instream aquatic habitat modifications; due to instream environmental drivers shaping the river reach . These drivers include hydrology and geomorphology as well as the physico-chemical water quality properties (Avenant, 2010) .
While the FRAI is designed to be a general index of fish community response to environmental change, it has not specifically been used to measure the response of fish to the impacts of urbanisation. Understanding the specific impacts of urbanisation-derived biophysical stressors on aquatic indicators is required in South Africa, as urbanisation is a leading cause of current land-cover change (Jewitt et al., 2015) and is thus a leading driver of ongoing aquatic ecosystem degradation. Understanding the specific responses of conspicuous, easy-to-identify indicator taxa like fish to urban environmental stressors could greatly improve 478 our ability to monitor the impact of expanding urban landscapes on aquatic ecosystems. Wenger et al. (2008) demonstrated that urbanisation gradients drive fish species occurrence, owing to the susceptibility of some species to anthropogenic impacts (e.g. physico-chemical). There is, however, no literature currently available indicating the effectiveness of individual freshwater fish species as indicators for the ecological integrity (instream habitat and water quality) of aquatic ecosystems along rural-urban gradients, particularly in South Africa. An appropriately chosen set of individual indicator species could be as useful a monitoring tool as community-based indices of environmental change, provided they show a strong and consistent positive affinity with undisturbed habitats to which they are endemic (Carignan and Villard, 2002) .
This study aimed to assess the usefulness of individual freshwater fish species as indicators for aquatic ecosystem modifications associated with urbanisation. The study targeted species with an expected wide natural distribution within a partially urbanised catchment, to ensure a biologically defensible indicator-stressor relationship across the rural-tourban gradient (Carignan and Villard, 2002) .
METHODS

Study area
The study sites for this investigation were selected from rivers within the upper Crocodile (West) River catchment, South Africa. This catchment is a sub-management area within the larger Crocodile (West) Marico Water Management Area (Fig. 1) . The southern section of the sub-management area is characteristically urban, with large residential and industrial land uses across the City of Johannesburg Municipality (DWAF, 2008) . Moving towards Midrand and the City of Tshwane (Pretoria) the two latter land uses continue, while urban sprawls become increasingly common (DWAF, 2008) . The remaining land uses within the sub-management area are comprised of peri-urban small-holdings, agricultural and mining activities.
River study sites were selected based upon a gradient of urbanisation within the upper Crocodile River submanagement area. The urban gradient, comprised of urban, peri-urban and rural categories, was classified based upon the percentage of urban land cover in the rivers' upstream reaches. Seven rivers were selected for the research, with a total of eight river study sites ( Fig. 1 ).
Characterising the urban gradient
A 2014 national land-cover map (Geoterraimage, 2014) was analysed using ArcGIS 10.3 (ESRI, 2015) to identify land cover upstream of each river site. The surrounding land cover was classified into six classes: water, vegetation, bare non-vegetated, agriculture, urban, and mining. The urban category was created by combining all urban land uses (urban schools, urban residential, etc.) into one 'urban' land cover class. This class was then used to place each river site along the urban gradient, as 479 either rural, peri-urban or urban (Ding et al., 2015) . To obtain the upstream land cover classes surrounding each river, a 1 km buffer was placed around them. To assign each river study site an urban category, a standardised rule was formulated, following McEwan and Joy (2009) . The rule classified sites with less than 10%, between 10% and 60%, and greater than 60% upstream urban land covers to be rural, peri-urban and urban, respectively. The eight study sites were comprised of two rural reference sites, four peri-urban sites and two urban sites.
Physico-chemical parameters
Temperature (°C), dissolved oxygen (mg/L and %), conductivity (μS/cm), and pH (pH units) were recorded using a YSI Professional Plus Multi-parameter meter. To obtain average results for each study site, physico-chemical results were automatically recorded every 30 s for 5 min, 3 times within 30 min, each in a different aquatic mesohabitat (where available). Velocity (m/s) and discharge (m 3 /s) were calculated once at each study site using an autocalibrated SonTek/YSI FlowTracker discharge probe (Xylem, San Diego). Turbidity was measured using a HI98703-01 Hanna Turbidity Meter, in nephelometric turbidity units (NTU) (DWAF, 1996) . To analyse nutrient concentrations within the aquatic ecosystem, water was collected on site and filtered through 0.45 μm syringe filters. The filtrate was then placed into sealable sterile plastic bags, then a portable ice chest, and later moved into a freezer. The samples were defrosted and immediately analysed spectrophotometrically according to the methods outlined in Bate and Heelas (1975) for nitrate-N + nitrite-N, and Parsons et al. (1984) for ammonium-N and orthophosphate-P. Nutrient concentrations were expressed in mg/L.
Assessing prevalence of velocity/depth classes
To measure the availability of velocity/depth classes, which are the principal habitat availability signifiers on which fish habitat preferences in the FRAI are based , the Rapid Habitat Assessment Method (RHAM) was performed at each study site (following Kleynhans and Louw, 2009 ). Cross-sectional transects were placed across all available instream meso-habitats, where available, within a 100 m river reach following Peck et al. (2006) . The sampled meso-habitats included riffles, runs, pools and pool-runs (Kleynhans and Louw, 2009 ). The field data were then analysed using the RHAM algorithmic macro in Excel (Kleynhans and Louw, 2009) , to indicate the dominant velocity-depth class/classes within each of the meso-habitats sampled, per site.
Sampling freshwater fishes
Each river site was sampled using the Fish Response Assessment Index (FRAI) sampling protocol as outlined in . Each site was sampled once, during low flow conditions (March-April 2017) . Moving upstream within the study site, a SAMUS 720MS backpack electro-fisher was used to sample each available meso-habitat for 10 min . To prevent avoidance of the electrical current, a 1 x 5 m seine net was used as a downstream block net on each meso-habitat. Each fish present was then processed according to the individual habitat in which it was found, and released into the stream.
The prevalence of velocity-depth classes across mesohabitats determined from RHAM (Table 1 ) and class preferences of each sampled species (following predictions of FRAI Version 1) enabled an expected species prevalence (across sampled meso-habitats) to be assigned to each site. For example, a species with a known preference for slow-shallow habitat would be given an expected frequency-of-occurrence (FROC) score of 5 if slow-shallow prevalence was 100%, or a FROC score of 1 if the same class prevalence was 25%. An expected species pool for each site was generated using a pristine headwater fish community dataset from the adjacent Groot Marico catchment (Kimberg et al., 2014) within the Crocodile (West) and Marico Water Management Area (WMA3), and checked for missing expected species using the FROC dataset for each site's respective sub-quaternary catchment . Expected prevalence scores per species per site were assigned based on availability of velocity-depth classes, and observed fish species prevalence data were then entered into the FRAI Version 1 spreadsheet, which used metric groups of individual fish species preferences and tolerances to numerically assess divergence from the expected fish assemblage composition at a given site . Automated preferences and weightings were used for all algorithmic settings. The output of the FRAI model was a Present Ecological Status (PES) percentage for each fish assemblage. Using the PES, an ecological category was derived. Ecological categories (ranging from A -pristine to F -critically modified) are indicative of the aquatic ecosystem's ecological integrity . To determine whether there was any significant difference in the integrity of the rivers across the three land cover categories, a non-parametric Kruskal-Wallis test was performed on the PES percentages within each category.
Evaluating individual fish species as suitable indicator species
To assess individual fish species as possible indicators, we determined their response to environmental stressors along the urban gradient. To identify the key environmental stressors which best characterise the urban gradient, principle component analysis (PCA) was performed in R (R Core Team, 2017). The PCA identifies the variables that explain the largest portion of the dataset's variance (Shetty et al., 2015) . To accurately determine which variables had a significant association with each principle component (PC), the Dimdesc 480 function in the FactoMineR package was used (Le et al., 2008) .
Having identified the key stressors describing the urban gradient and its impacts, the distributional responses of fish species to these stressors were assessed. Logistic regression analysis was performed on the naturally widespread fish species, relative to each key stressor. The regression output was individual species stressor-response curves (sensu Meador et al., 2005) , indicating the species' threshold of survivability relative to each key environmental driver (Market et al., 2003) .
Effective bio-indicator species display a negative probability of occurrence relationship with metrics of increasing environmental degradation, which can be modelled using logistic regression (Oliveira and Cortes, 2006) . Consequently, we defined an ideal indicator species to be one that displays a negative binomial pattern of occurrence across the rural-urban gradient, representing a species stressor-response curve. To indicate how well the species tracks the stressor, an R 2 value derived from the fit of the probabilistic curve relative to the fish species occurrence, was used as a goodness-of-fit indicator. An R 2 value of 1 demonstrated a perfect fit to a binomial stressorresponse curve, thus indicating a good bio-indicator response of the fish species to that particular stressor. These data were analysed using R (R Core Team, 2017) and later plotted in SigmaPlot (Systat Software, 2017).
RESULTS
Land cover analysis
Following the land cover analysis upstream of each study site, the sites on the Magalies and Skeerpoort rivers were classified as rural, owing to having urban land covers of 0.05% and 0.62%, respectively. The study sites on the Upper-Muldersdriftsloop and the Swartspruit were determined to have urban land covers of 58.38% and 52.46%, respectively. The study sites on the Lower-Muldersdriftsloop and Rietspruit had urban land covers of 55.48% and 24.58%, respectively. All four sites are thus characterised as peri-urban. The study sites on the Braamfonteinspruit and Jukskei rivers were determined to be urban, owing to having urban land covers of 75.49% and 73.94%, respectively.
Physico-chemical and nutrient stressors
Field sampling took place between 20 April and 8 May 2017. Among the physico-chemical parameters measured, turbidity increased on average across the gradient (Table 2) , with the urban gradient having the highest (16.96 NTU), similarly so with electrical conductivity (519.11 µS/cm). This is opposed to dissolved oxygen (7.42 mg/L to 5.49 mg/L) and pH (7.39 to 6.45), which on average both decreased as gradients became increasingly urban. Among the river sites, the urban Jukskei River study site had the highest electrical conductivity (624.73 µS/cm), lowest dissolved oxygen (5.49 mg/L and 47.17%) and pH (6.39).
The concentrations of the three macro-nutrients investigated, on average, progressively increased as river sites became progressively more urban. Regarding nitrate + nitrite, the peri-urban sites (3.14 mg/L), particularly the Rietspruit (6.03 mg/L) study site, had the highest average concentration. The most noticeable macro-nutrient increase was pertaining to ammonium, which on average increased from 0.02 mg/L to 5.25 mg/L along the urban gradient (Table 2) , with the Jukskei River study site having the highest concentration (9.01 mg/L). Orthophosphate, in contrast, increased the least on average along the gradient.
Fish Response Assessment Index (FRAI)
A total of 9 fish species were sampled, which matched the expected species pool. Three of the nine species, including the shortspine suckermouth (Chiloglanis pretoriae van der Horst, 1931), the straightfin barb (Enteromius paludinosus Peters, 1852) and the banded tilapia (Tilapia sparrmanii A. Smith, 1840) were not present in upland rivers (Table 3) . Additionally, , 1907) was found in peri-urban and rural lowland rivers, as well as rural upland rivers (Table 3) .
A PES, indicative of the current condition of the river, was derived for each of the eight study sites using FRAI (Table 4 ). The rural Magalies and Skeerpoort study sites were determined to have the highest average PES of 85.41%, deviating 14.60% from reference conditions, with an Ecological Category of A/B. As the percentage land cover became progressively more urban, the PES of the study sites declined. The peri-urban study sites had an average PES of 36.9%, deviating 63.1% from reference conditions, with an Ecological Category of E. Additionally, urban sites had an average PES of 22.91%, deviating 77.09% from reference conditions, and an Ecological Category of E. The average PESs for the three urban categories did not differ significantly (Chi = 5.13, df = 2, p = 0.08), although this may have been an artefact of insufficient site replication across the three urban gradient classes.
Stressor principle component analysis
The cumulative percentage of PCs 1 to 3 accounted for 89% of recorded variance and were thus retained for further analyses (following Mishra, 2010). Urban land cover, turbidity and ammonium were significantly correlated with PC 1 (Fig. 2 , Table 5 ). Temperature and dissolved oxygen were correlated with PC 2 (Fig. 2, Table 5 ), and had an auto-correlated relationship, (r = −0.68, df = 6, p = 0.07). Conductivity was the only variable significantly correlated with PC 3 (Table 5) . Subsequently, six key environmental drivers were determined for use in the logistic regression analysis as they contribute the greatest (∑ = 89%) to the dataset's variance.
The study sites were distinguishably clustered into their respective rural-urban classifications along PC 1, which accounts for most of the dataset's variance (41.2%). The three environmental drivers which were significantly correlated with PC 1 were thus considered the key stressors best describing the urban gradient and its impacts ( Table 5) .
Logistic regression analysis
Logistic regression analysis was performed on each of the five widespread native fish species relative to the six key environmental drivers determined during the PCA. Through the plotting of species response curves, using a probabilistic model, it was determined that each of the five species had at least one perfect species stressor-response curve, as represented by R 2 = 1. Of the five species, three demonstrated perfect species stressorresponse curves for more than two of the environmental drivers (Table 6 ) and thus, are the potential indicator candidates. These three species only displayed prefect binomial responses to the environmental drivers in PC 1 (Table 6) .
Among the three potential indicator species, the southern 482 mouthbrooder demonstrated perfect species response curves relative to stressors 'urban land cover' and 'ammonium'. The species' apparent survivability threshold was reached when urban land cover exceeded 58% and ammonium exceeded 0.45 mg/L (Fig. 3) . The largescale yellowfish and the stargazer catfish both displayed perfect, identical species stressor-response curves relative to urban land cover, ammonium and turbidity. The apparent survivability thresholds for both species were 13% for urban land cover, 0.08 mg/L for ammonium and 4.00 NTU's for turbidity ( Fig. 3) . Although the southern mouthbrooder responded well to two of the six drivers, the largescale yellowfish and the stargazer catfish responded to all three drivers best describing the urban gradient (PC1), and thus can be considered better potential indicator species for urban impacts.
DISCUSSION
Investigating the response of freshwater fishes at species level has the potential to provide significant information on species survivability thresholds, relative to particular anthropogenic factors (e.g. pollution and habitat modification) in urban river catchments (Wenger et al., 2008) . In this study, we detected strong presence/ absence responses in four native fish species to key environmental stressors directly associated with the rural-to-urban gradient. This indicates a potential for these species to perform as indicators of urban impacts on stream ecosystem integrity.
Characteristics of the rural-urban gradient
As urban land cover increased, there were noticeable changes in the average physico-chemical water quality parameters within the rivers. This can be attributed to the greater number of domestic and industrial establishments along the gradient, which have the potential to discharge pollution either directly into the rivers (Ansara-Ross et al., 2008) or through stormwater drains, which eventually exit into rivers (Koehn et al., 2011) . On average, turbidity increased from 2.53 NTU in the rural study sites, to 10.54 NTU and 16.96 NTU in peri-urban and urban sites, respectively. Such elevated turbidity levels in both peri-urban and urban rivers may be attributed to the greater number of impervious surfaces and associated stormwater drains as regions become increasingly urban (Mwangi, 2014) . Increases in turbidity may function as an indicator for catchment hardening due to drains and impermeable surfaces becoming more predominant across the urban gradient (Koehn et al., 2011) . Turbidity was one of the stressors best describing the urban gradient in this study and its impacts are a recognised environmental driver influencing freshwater fish survival (Kjelland et al., 2015) . Higher suspended solids are also associated with increased benthic siltation, potentially limiting the availability of instream habitats for habitat specialists (Gorman and Karr, 1978) .
Nutrients, including nitrogen and phosphorus, were other major stressors associated with increased urbanisation. Stormwater drains and impermeable surfaces have a significant role in the nutrient loading of peri-urban and urban rivers (Ward and Winter, 2016) . Drains and their associated urban surfaces facilitate the transportation of urban non-pointsource nutrient run-off, including detergents, fertilisers and animal waste, into aquatic ecosystems (Carey et al., 2013) . Both phosphorus and nitrogen are crucial water quality parameters as elevated concentrations of either may cause excessive toxic and non-toxic algal growth. Such growth and the subsequent bacterial decay of accumulated detritus may result in hypoxic (Smith et al., 1999) . Along the gradient, both the peri-urban (0.13 mg/L) and urban (0.58 mg/L) sites exceeded the orthophosphate limit (<0.025 mg/L) used to prevent harmful eutrophic conditions (Dallas and Day, 2004) . A similar trend was evident for average nitrogen concentrations, where the peri-urban sites (3.14 mg/L) exceeded the nitrogen threshold (<2.5 mg/L) set to limit harmful eutrophic conditions (Dallas and Day, 2004) . Among the sites, the peri-urban Rietspruit study site had the highest nitrate concentration (6.03 mg/L); exceeding the national prescribed nutrient threshold (DWAF, 1996) . The most likely source of elevated nitrogen in this tributary is the East Rand Water Care Association (ERWAT), a wastewater treatment works (WWTW) located in Kempton Park, Gauteng, which continuously discharges treated effluent into the river (N Thlaku, ERWAT, pers. comm., 2017) . Such facilities are a main point source for nitrogen in many rivers across South Africa (Dabrowski and De Klerk, 2013) .
Ammonium was another key stressor associated with urbanisation. In urban areas, blocked and ruptured sewage mains are a common occurrence, resulting in untreated sewage entering nearby rivers (Matowanyika, 2010) . Associated with instream sewage contamination are elevated ammonium concentrations; thus ammonium is an effective indicator for such contamination (Passell et al., 2007; Constable et al., 2015) . Such sewage input may explain the increase in ammonium concentrations across the urban gradient, resulting in average peri-urban (0.22 mg/L) and urban concentrations (5.25 mg/L) exceeding the acute toxicity threshold (<0.1 mg/L) (DWAF, 1996) . Among the sites, the Jukskei River had the highest ammonium concentration (9.01 mg/L) and was the only site to exceed the South African Target Water Quality Range for toxic ammonia (> 0.007 mg/L); set to prevent physiological harm to fish species (DWAF, 1996; Passell et al., 2007) . It is likely that inflow of untreated sewage into the Jukskei River during the sampling period may account for the site's hypoxic conditions, which is a known by-product of high quantities of organic waste (Dallas and Day, 2004) .
Urban land cover percentage, another strong correlate with the urban gradient in the PCA, is representative of urban expansion. While it is a key driver impacting nearby water quality, urban expansion also impacts the integrity of riparian vegetation. As urbanisation progresses, riparian zones become increasingly degraded (Meador and Goldstein, 2003) and urban land cover can thus be an indicator for riparian integrity. Such degradation has profound impacts on aquatic ecosystem integrity through altering water temperature, and instream food availability through decreasing the input of allochthonous material and increasing river sedimentation; all of which can impact fish assemblage diversity (Ryan, 1991; Meador and Goldstein, 2003; Reid et al., 2008) .
Fish community response to urbanisation
To assess whether fish species responded to the distinguishable physico-chemical water quality conditions along the urban gradient, fish assemblage structure was first assessed using a standardised fish sampling procedure, the Fish Response 484 Assessment Index (FRAI). Having performed FRAI, the Ecological Category, and associated description of current ecological condition of the water resource, was derived for each study site .
From the Ecological Categories, it is evident that as the land cover surrounding the rivers became increasingly urban, the ecological integrity of the rivers subsequently decreased as represented by declining fish diversity (Meador et al., 2005) . This is observed in the change from near-natural conditions (Category: A/B) in rural aquatic ecosystems such as the Magalies and Skeerpoort rivers, to seriously modified conditions (Category E) in the urban Braamfonteinspruit and Jukskei rivers. This negative fish diversity response is supported by Roux and Selepe (2015) , who found that fish assemblages in South Africa respond negatively to urbanisation, resulting in a river with a lower Ecological Category . This is owing to the fish community responding to poorer water and habitat quality conditions derived from surrounding anthropogenic activities (Avenant, 2010; Shetty et al., 2015) . Although there was no significant difference in the average PES among urbanisation classes, FRAI was nonetheless effective in detecting a decline in ecological integrity across the rural-tourban gradient.
Potential bio-indicator species
Of the nine fish species recorded, only five were determined to be naturally widespread within the study area. The sharptooth catfish, which is naturally associated with lowland rivers in the western Limpopo basin (Kimberg et al., 2015) , was also present in two upland study sites. Both sites, however, are located downstream of urban impoundments, which are likely demographic sources for this species in these small streams . Due to the possibility that this species was historically stocked for angling in these waterbodies , it was excluded from the list of naturally widespread species for the purpose of this study.
Logistic regression analysis performed on each of the five widespread species, relative to the six environmental drivers, produced probabilistic curves representative of species stressor-response curves. These curves were used to analyse the effectiveness of individual fish species as bio-indicators for environmental drivers along the urban gradient. All five of the widespread fish species responded with a minimum of one perfect binomial response curve (R 2 = 1). Three of the five species, the southern mouthbrooder, largescale yellowfish and stargazer catfish, were the best indicator candidates as they responded with perfect binomial response curves to most of the environmental drivers, including urban land cover, ammonium and turbidity.
Of the three potential indicator species, the southern mouthbrooder appeared the most robust to the impacts of urbanisation. It displayed higher occurrence thresholds for urban land cover (58%) and ammonium (0.45 mgN/L), compared to those of the largescale yellowfish and stargazer catfish (13% and 0.08 mgN/L). Furthermore, while southern mouthbrooder only responded to ammonium (an indicator for water pollution) and urban land cover (indicating riparian degradation), the largescale yellowfish and stargazer catfish also responded to turbidity (indicating suspended sediment). Owing to this apparent sensitivity to all three urban stressors, they are the two best potential indicator species for urban impacts.
These observed binomial responses can be attributed to the species' environmental preferences. For instance, the largescale yellowfish predominately feeds on plant and algal matter, and insects (Skelton, 2001; Fouché, 2009 ). This may account for the species' response to urban land cover, which is an indicator of riparian zone degradation that limits the allochthonous input of plant matter and insects needed to maintain fish assemblage diversity (Harris, 1995) . The largescale yellowfish also responded to turbidity; however, owing to it being a habitat generalist (Fouché, 2009), sedimentation does not necessarily impact its habitats (Berkman and Rabeni, 1987) . Rather, its response may be attributed to sediment-laden water inhibiting respiration through clogging gills and/or reducing hunting effectiveness through visual impairment (Ryan, 1991; Fouche, 2009 ). The susceptibility of largescale yellowfish to pollution can also be inferred from its perfect binomial response to ammonium (at low concentrations).
The binomial response of stargazer catfish to urban land cover, an indicator of riparian degradation, strongly suggests that the species prefers habitat where riparian vegetation is present. This species is a habitat specialist, occupying rocky biotopes in fast-flowing waters and is thought to lay eggs in the interstitial spaces (Skelton, 2001) . However, as the instream sediment load increases, these interstitial spaces collect sediment (Ryan, 1991) , subsequently removing potential spawning habitat. Increased siltation may also impact this species' feeding ability, as it feeds on small organisms off of rocky surfaces (Skelton, 2001) , which are susceptible to being disturbed by increased sediment (Berkman and Rabeni, 1987) .
CONCLUSION
Fish have become well established in South Africa as an assemblage-level indicator of ecosystem health, and in this study confirmed that rivers decline in their eco-status classification across a rural-to-urban gradient. In addition, two widespread fish species within the upper Crocodile River sub-management area were identified as potential species-level bio-indicators of stressors associated with urbanisation.
The largescale yellowfish and the stargazer catfish have the potential to indicate modifications in both water quality and instream habitat. This is due to both species having responded with negative logistic stressor-response curves to variables indicating pollution (ammonium), catchment hardening (turbidity) as well as riparian degradation (urban land cover). To confirm the apparent effectiveness of these species and others as bio-indicators for urban impacts, it is recommended that further sampling is conducted to improve replication of this dataset and to further develop research on other fish species-stressor relations.
Individual fish species as bio-indicators for water quality and habitat modifications provide an opportunity for tiered river health assessments optimised for time and practitioner capability. For instance, assessing the presence of indicator species in their known habitats could act as a firsttier assessment for practitioners who do not have the time, resources or training to perform established procedures such as RHAM or FRAI. If an indicator species disappears from a site, it could trigger the requirement to have trained practitioners perform the latter assessments to establish whether the ecological status of the river has degraded due to increased urbanisation. Thus for long-term monitoring by agencies with human capacity limitations, less time could be spent on training individuals to identify only key indicator species for such first-tier monitoring. We recommend that more research be directed towards identifying such species and verifying their 485 susceptibility to key anthropogenic impacts like urbanisation, as well as others such as mining. In the case of other forms of human impact, we recommend that the key physico-chemical and habitat stressors associated with that impact be identified and then directly compared to the distributions of potential indicator species.
